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ABSTRACT: Here we report microphase-separated poly(styrene-
block-dimethylsiloxane) (PS-b-PDMS) as a reinforcing filler in
PDMS thermosets that overcomes the long-standing problem of
aging in the processing of silica-reinforced silicone. Surprisingly,
PS-b-PDMS reinforced composites display comparable mechanical
performance to silica-modified analogs, even though the modulus
of PS is much smaller than that of silica and there is no evidence of
percolation with respect to the rigid PS domains. We have found
that a few unique characteristics contribute to the reinforcing
performance of PS-b-PDMS. The strong self-assembly behavior
promotes batch-to-batch repeatability by having well-dispersed
fillers. The structure and size of the fillers depend on the loading
and characteristics of both filler and matrix, along with the shear effect. The reinforcing effect of PS-b-PDMS is mostly brought by
the entanglements between the corona layer of the filler and the matrix, rather than the hydrodynamic reinforcement of the PS
phase.
Polysiloxane elastomer, commonly known as siliconerubber, has outstanding performance in a wide temper-
ature range and is widely used in aviation and aerospace
applications.1,2 However, unfilled silicone rubbers, such as
polydimethylsiloxane (PDMS), have poor mechanical proper-
ties because of the flexible polymer chain, thus, making
reinforcement by filler essential. It is well-known that
reinforcement by fillers improves the mechanical properties
dramatically, which involves a hydrodynamic effect brought by
the inclusion of rigid particles, matrix−filler, and filler−filler
interactions.3,4 Silica is widely used for silicone rubber
reinforcement because of the high modulus and strong
matrix−filler bonding.5−7 Unfortunately, silica-filled silicone
compounds require a few weeks’ storage, called “bin-aging”, for
optimal physical properties before subsequent processing and
vulcanization.2,8,9 The precured compounds (silicone crepe)
exhibit aging phenomena over long-term storage time,4
including both hardening2,4−11 and softening.12,13 The
inhibiting methods include adding plasticizers14 and pretreat-
ment of the silica surface.4 However, remilling is usually
required before further processing, which pushes up the cost
and, more importantly, decreases the process repeatability.
Other than using inorganic fillers, it is also possible to obtain
reinforcement by introducing glassy polymer domains within
the elastomer. Polymer blending is widely used in polymer
modification because of easy processability.15 PDMS/poly-
styrene (PS) blends that were prepared by in situ radical
copolymerization of styrene in a PDMS matrix showed
improved mechanical properties, including 9-fold increased
tensile strength at 43% PS loading in comparison with neat
PDMS elastomer.16 However, the mechanical properties of
immiscible homopolymer blends are still poor because of the
lack of adhesion among the constituent components, which
originates from strong repulsive thermodynamic interactions.17
Block copolymers formed from two or more polymer blocks
with distinct properties may be another solution. The
microscopic segregation of these blocks can generate complex
structures and desirable properties. Block copolymers are
widely applied as the well-known thermoplastic elastomers,
which are composed of hard and soft polymer blocks.18 The
outstanding strength and toughness are brought by the
deformable plastic microdomains from microscopic phase
separation. The PDMS−PS multiblock copolymers showed
effective mechanical reinforcement with 30−50 wt %
polystyrene.19
For the PDMS with various thermoplastics, vulcanization is
unnecessary and the elastomers result from directly cooling the
melt.4 However, the extensibility is impaired without cross-
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linking. A cross-linked block copolymer-filled PDMS compo-
site may therefore be a preferential strategy to optimize the
strength and extensibility. Several works in glassy polymer
toughening have shown that block copolymers are able to act
effectively at low concentration in blends with homopolymers.
For example, epoxies can be toughened with trivial processing
by using block copolymer self-assembly at low (5 wt %) block
copolymer concentrations.20−22 Low molar mass poly-
(butylene oxide)-containing diblock copolymers at 5−10 wt
% loading can be used as modifiers to toughen poly(lactide).23
Inspired by this strategy, we hypothesized that filler−matrix
interactions in a block copolymer-reinforced PDMS thermoset
could contribute to reinforcement more than hydrodynamic
effects, which depend on the modulus and volume fraction of
filler. Therefore, the favorable interactions between the PDMS
block of a simple diblock copolymer and the PDMS matrix can
enhance mechanical reinforcement. The self-assembly behavior
of block copolymers is also a unique advantage over silica,
which leads to microscopic phase separation and improves
filler dispersion. PS is a well-studied choice as a reinforcing
hard segment that can be easily synthesized with well-
controlled polymerization. PS−PDMS materials were thus
evaluated as fillers in PDMS having much better miscibility
than homopolystyrene.24,25 As demonstrated below, the
comparison between the reinforcing effects of PDMS-b-PS
and silica reveals the potential of the block copolymer to be a
silica substitute.
The molecular characteristics of the two main polymeric
materials are included in Table 1. To control the molecular
weight precisely, anionic polymerization was adopted to
synthesize volume symmetric PS-b-PDMS (diBCP) with
narrow molecular weight distribution.28−31 The synthetic
methods and molecular characterization are available in the
Supporting Information. Vinyl-terminated polydimethylsilox-
ane (Gelest, DMS-V31 28 kDa) was used as the polymer
matrix. The molecular weight of each block was chosen close
to that of the PDMS matrix. The molecular weights of PDMS
matrix and PDMS block of diBCP are around the critical value
of linear PDMS chain entanglement, which is approximately 30
kg/mol.32
Spherical micelles, wormlike or cylindrical micelles, and
closed “bags” formed by flat bilayers called vesicles under
certain circumstances are the three basic structures from self-
assembly when diblock copolymers dissolve in selective
solvents or mix with polymer matrices.33 In this work, the
PDMS matrix acts as the good “solvent” for the PDMS block
and a nonsolvent for the PS block. Figures 1 and S7 show
representative transmission electron microscopy (TEM)
images of all diBCP/PDMS blends at low and high
magnification, respectively. The experimental methods of
sample preparation and morphological characterization are
included in the Supporting Information. Though the results of
thermal characterization, which are shown in Figure S6,
suggest complete incompatibility between PS and PDMS
phases by no shift of the glass transition temperature of PS, the
fillers are well-dispersed, and no macrophase separation is
observed. As expected, the diBCP forms micelles and vesicles
with different sizes and structures in the polymer matrix. It
indicates that 10 wt % is above critical micelle concentration
(CMC), and the compounding temperature is above the
critical micelle temperature.
Several parameters, such as diBCP concentration and the
molecular weights of both diBCP and homopolymer matrix,
affect the structure of self-assembled diBCP.34 A homogeneous
phase occurs in which the diBCP is molecularly dispersed as
solute in the homopolymer matrix if diBCP concentration is
below the CMC. Within a certain concentration range above
the CMC, independent micelles are dispersed in the
homopolymer without long-range ordering. The sample with
10% diBCP loading reveals such morphology; as the diBCP
concentration is increased further, fillers begin to contact,
aggregate, and overlap, shown by the morphology of samples
with 20−60 wt % diBCP loading. Under current blending
conditions, the low-diBCP loading blends (below 50%) may
reach the thermodynamic equilibrium based on the size
distribution of the micelles. Further increasing the diBCP
Table 1. Molecular Characteristics of PDMS Homopolymer
Matrix and PS-b-PDMS Diblock Copolymera
sample Mn (kg/mol) Mw/Mn f PS% wPS%
vinyl-terminated PDMS 28 1.57
diBCP 61 1.08 0.47 0.49
adiBCP represents PDMS-b-PS diblock copolymer. Number-average
molecular weight and dispersity were determined by gel permeation
chromatography. Volume and weight fraction calculated based on 1H
NMR results by using densities ρPDMS = 0.97 g/cm
326 and ρPS = 1.05
g/cm3.27
Figure 1. Representative TEM images of cryo-ultramicrotomed
PDMS composites with PS-b-PDMS loading from 10 wt % to 60 wt
%. Scale bars are all 0.5 μm.
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concentration will typically induce a transition from spherical
to cylindrical micelles,35 as well as larger vesicles and
multilamellar vesicles with “onion-like structures”.20 However,
the morphology of samples with 20−40 wt % diBCP loading
shows that most of the vesicles remain unilamellar and even
shrink instead of becoming larger and multilamellar. If the
diBCP concentration keeps increasing, a transition to well-
ordered periodic phases, such as lamellae and cylinders, should
take place, where the homopolymers act to swell its
corresponding domain of the diBCP.34 However, no ordered
structures are observed from the morphology of samples with
50 and 60 wt % diBCP loading. The intense shear flow brought
by twin-screw compounding is the unique effect on those
unusual behaviors. A small-angle X-ray scattering (SAXS)
comparison of the samples with and without shearing is shown
in Figure S10; evidently, shearing inhibits the formation of
ordered structures and introduces kinetically trapped mor-
phologies. It has been reported that smaller unilamellar vesicles
or with less shells are formed with increasing shear rate in an
aqueous system,36 and cylindrical micelles or bilayer tubes are
also developed from the deformation of elongated vesicles
under strong shearing.37 More cylindrical micelles are observed
from the morphologies of samples with 40 wt % to 60 wt %
diBCP loading than that of samples with low diBCP loading.
The formation of larger and multilamellar vesicles are
restrained by the high shear flow, which leads to structures
with a smaller curvature, such as cylindrical micelles and
lamellar phases.38 The shear-induced morphology is then
trapped by the high temperature curing process. Similar
behavior has been observed in a block copolymer melt, the
phases formed after the shear-induced network-to-network
transition are stable to annealing for a long time.39 It indicates
that shearing process can be a suitable method for morphology
control in block copolymer/homopolymer blends.
The volume fraction of each block in the diBCP will also
affect the structure of self-assembled diBCP. If the length of
the insoluble block is larger than that of the soluble block in
the preferential solvent, it tends to form vesicles. Conversely,
Table 2. Structural Parameters Extracted from SAXS Analysis of PDMS-b-PS Filled PDMS Samples Using the Core-Shell
Modela
scattering length density (SLD, ×10−6 Å−2)
sample core radius (Rc, nm) relative core polydispersity (σ/Rc) shell thickness (Ts, nm) core (ρc) shell (ρs) matrix (ρ0)
10 wt % diBCP 9.30 ± 0.43 0.78 ± 0.05 51.9 ± 0.38 9.9 8.9 8.9
20 wt % diBCP 42.5 ± 0.40 0.53 ± 0.01 15.3 ± 0.10 9.0 10.1 9.2
aTheoretical SLD:44 PDMS ((C2H6OSi)n, 0.97 g/cm
3) SLD: 9.0 × 10−6 Å−2 (Cu Kα); PS ((C8H8)n, 1.05 g/cm
3) SLD: 9.6 × 10−6 Å−2 (Cu Kα).
Figure 2. Effect of PS-b-PDMS content on mechanical properties of PDMS composites and the comparison with 25 and 30 wt % silica-filled PDMS
composites: (a) Elongation at break; (b) Tensile strength; (c) Young’s modulus; and (d) Toughness
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spherical micelles will be formed.21,40,41 This effect is
controlled since the two blocks are approximately symmetric.
The disparity between molecular weights of diBCP and
homopolymer matrix can affect the dimensions of self-
assembled diBCP. In the case of diBCP spherical micelles, if
the molecular weight of the soluble block of diBCP is similar or
higher than the homopolymer matrix, the corona can be
swelled by the homopolymer matrix and has larger thickness.34
On the contrary, the corona cannot be swollen if the molecular
weight of soluble block of diBCP is much lower than that of
matrix. The micelles with swelled corona have stronger filler−
matrix interactions and, therefore, are more stable, because the
free homopolymer chains penetrate the soluble block chains
and force them to extend into the matrix.42
SAXS profiles with form factor fits of 10 and 20 wt % diBCP
loaded samples at room temperature are shown in Figure S8.
For the samples with higher loading, the diversity of particle
size and shape interferes with the form factor fitting intensely,
as well as strong interparticle correlations due to the dense
particle concentration revealed by TEM images. The structures
studied here are spherical micelles and vesicles according to
theoretical prediction and TEM images. The fitting is based on
a core−shell model, which can fit the transitional structures
more universally than models based on single structure, such as
polymer micelle model;43 the details are included in the
Supporting Information.
Table 2 shows the quantitative information on size and
distribution from the SAXS models. For spherical micelles, the
core consists of PS microdomains and the shell can be ascribed
to the PDMS phase swelled by PDMS matrix. For vesicles, PS
formed the shell and the core is the PDMS block of the diBCP.
The data are described by this model very well as can be seen
from the fitting results. The 10 wt % diBCP loaded sample has
a smaller core size and larger shell thickness since the densely
packed PS block formed the core and the chains of PDMS
block are unperturbed in PDMS matrix. The 20 wt % diBCP
loaded sample has a relatively smaller PDMS domain size due
to the constraint of PS shell. The bilayer walls of vesicle have
approximately doubled PS domain size. The values of
polydispersity indicate that these samples formed micelles in
broad size distribution, which are confirmed by TEM images.
The stress−strain curves of neat PDMS, 10−60 wt %
diBCP-loaded PDMS composites are shown in Figure S5,
which are compared with that of silica-filled composites. The
details of sample preparation and tensile tests are included in
the Supporting Information. The associated tensile strength,
Young′s modulus, elongation at break, and toughness are
summarized in Table S1. The effect of diBCP content on the
four mechanical properties is illustrated in Figure 2. Overall,
the diBCP addition enhances all four mechanical properties
dramatically compared to the neat PDMS. The high degree of
sample-to-sample reproducability indicates evenly dispersed
fillers and microscopic phase separation.
The mechanical properties have increasing values with
higher diBCP loading, and the overall optimal condition is at
50 wt % loading. The result indicates that increasing PS
content does improve strength as expected. All BCP-filled
samples have similar linear behavior at small strain, suggesting
that the deformation of samples remains Hookean. The 50 and
60 wt % loading samples have an abrupt increase in modulus at
large strain. Natural rubber has a similar behavior due to strain-
induced crystallization.45 However, the PDMS matrix is
rubbery at room temperature, since Tg and Tc are well below
20 °C.4 The stress increase is more likely caused by limited
extensibility of the network according to the non-Gaussian
statistical theory.46 The effect of diBCP content on toughness
is similar to tensile strength and elongation at break since
larger value of stress and strain at break increases the energy
absorption during extension.
Figure 3 shows the relative Young’s modulus of silica and
diBCP filled samples as a function of filler volume fraction. The
data of PDMS/silica samples are fit by the model containing
the well-known Guth and Gold equation47 that accounts for
the hydrodynamic effect and an additional exponential term
with two adjustable coefficients to accommodate the
conspicuous increase at high filler loading due to the
rearrangement of filler at high loading,48 which is eq 1:
E
E
A e
A B
1 2.5 14.1 ( 1)
0.462, 16.10
B
0
2ϕ ϕ= + + + −
= =
ϕ
(1)
Unlike the exponential growth behavior of PDMS/silica
samples, the diBCP-filled samples exhibit a possible upper
limit. The empirical equation is therefore modified with an
exponential decay term in increasing form with two adjustable
Figure 3. Relative Young’s modulus E/E0 as a function of filler volume fraction and model fitting: (a) silica (circles) and (b) PS block of PS-b-
PDMS (triangles). E0 = 0.32 MPa.
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coefficients and has the Guth−Gold equation removed, which
is eq 2:
E
E
A e
A B
1 (1 )
3.145, 18.50
B
0
= + −
= =
ϕ−
(2)
The reinforcing effect brought by silica can be contributed
by the hydrodynamic effect of rigid particle inclusion, the
filler−matrix interactions on the silica surface, and filler−filler
interaction. For the diBCP-filled PDMS, to correlate the
mechanical properties with morphology, the increasing
interfacial area of self-assembled diBCP could contribute to
the improvement of mechanical properties with increasing
diBCP loading. Unlike the aggregates and percolation network
of the silica fillers, the PS micelle cores are unable to contact
each other directly to form the percolation network. The
interfacial adhesive force between the PS and PDMS phases is
brought by the physical entanglements of PDMS chains and
the covalent bonding between PS and PDMS phases within
diBCP. The reinforcing effect brought by the filler−matrix
interaction is weak at low-diBCP loading because of small
interfacial area. With higher loading of diBCP, the increasing
number of micelles, vesicles and their aggregations enlarge the
interface area between filler and matrix, and therefore enhance
the mechanical properties. As the interfacial area increases
rapidly with the content of diBCP at the early stage and then
reaches to a limit, so does the modulus, which can be fit by the
exponential decay term. However, the sample with 60 wt %
loading becomes weaker. The breakage at smaller strain
suggests the cross-linking network became less stable, which
may be caused by overlapping and stacking of fillers. The
interaction energy of two overlapping micelles is repulsive and
the concentration of homopolymer chains in the outer shell
decreases, which impairs the entanglement.49 On the other
hand, the sample with 60 wt % loading has only 40 wt % vinyl-
terminated PDMS matrix, which is the component that takes
part in cross-linking, shown in Scheme S2. The PDMS block of
diBCP does not react with the cross-linking agents during the
platinum-catalyzed reaction. When the block copolymer filler
content is over 50%, the modulus is affected by the decrease of
the cross-linkable PDMS matrix content.
The comparison with the mechanical properties of silica-
reinforced samples shows the great potential of the
polystyrene-based block copolymers as reinforcing fillers,
even with respect to commercially available silica reinforced
PDMS composites.50 The performance of 50 wt % diBCP
loaded sample is taken as example. The tensile strength rivals
that of 30 wt % silica loaded sample and out-performs 25 wt %
silica, while boasting larger elongation-at-break. For Young’s
modulus, the value is about 80% of that of 25 wt % silica and
50% of that of 30 wt % silica, which is remarkable since the
modulus of homopolystyrene is less than one tenth of that of
silica.51
In conclusion, a proof-of-concept strategy to substitute silica
by PS-b-PDMS as reinforcing filler for PDMS composites has
been successfully proposed and verified experimentally. The
glassy PS phase as part of PS-b-PDMS diblock copolymer has
shown prominent reinforcing effect on PDMS. The PDMS
composites with 50 wt % loading have the optimal mechanical
properties, such as tensile strength. The comparison with the
silica filled samples shows the potential of this polymer filler.
Although the modulus of PS is much smaller than silica, the
PS-b-PDMS filled composites exhibit similar mechanical
performance as silica filled composites. The well-defined
diblock copolymer is essential to provide controlled self-
assembly structures, which brings better filler dispersion and
promotes filler−matrix interactions. The increased interfacial
area and adhesive force also enhance the mechanical
properties. In addition, the shear effect during blending is a
suitable method for morphology control in block copolymer/
homopolymer blends.
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